Background: Exposure and phosphorylation of the core protein C-terminal domain (CTD) regulate important viral functions. Results: Empty capsids contain at least two populations of CTDs with different rates of exposure that are influenced by phosphorylation. Conclusion: Adding negative charge to CTDs increases capsid stability and decreases CTD exposure. Significance: Phosphorylation is used to tune HBV core protein function.
Hepatitis B virus (HBV)
is an enveloped double-stranded DNA virus that causes chronic infection in more than 240 mil-lion people and can lead to liver failure, cirrhosis, and hepatocellular carcinoma (1, 2) . HBV has an unusual life cycle that is characterized by packaging of viral pregenomic RNA and, within the virus particle, reverse transcription of the RNA genome into a circular, partially double-stranded DNA (3) .
The HBV capsids are formed by 120 or 90 copies of the core protein that assembles into a Tϭ4 or Tϭ3 sized particle, respectively, with Tϭ4 capsids being the predominant form in vivo (4) . The core protein has 183 residues, which can be divided into an assembly domain (amino acids 1-149) and a C-terminal domain (CTD) (amino acids 150 -183) (Fig. 1) . The CTD plays an essential role in regulating multiple steps during the HBV life cycle such as packaging of the RNA genome, reverse transcription, and intracellular trafficking (5, 6) . The CTD contains 16 arginine residues and a total of 7 serine residues ( Fig. 1 ). Three of these serine residues, Ser-155, Ser-162, and Ser-170, have been shown to be important phosphorylation sites in regulating reverse transcription (7) (8) (9) .
In capsids, CTD are clustered around five-fold and quasi-sixfold vertices on the capsid. Studies have suggested that the CTDs can be transiently exposed to the capsid exterior (10 -14) . It is speculated that exposure of the CTDs is regulated by the phosphorylation state of the core protein and/or the level of genome maturation (10, 15) . Indeed, cryo-electron microscopy (cryo-EM) studies of capsid from wild-type core protein and a phosphorylation mimic, Cp183-EEE, carrying three serine to glutamate mutations (S155E, S162E, and S170E), have shown that phosphorylation influences the organization of the CTDs (16) . Large stalactite-like structures pointing to the capsid center of empty and RNA-filled capsids were observed in cryo-EM structures of Cp183-EEE capsids. CTDs of Cp183-WT capsids, however, were more disordered (16) .
Here we investigated the stability of capsids as well as the exposure of the CTDs based on the phosphorylation state of the core protein. We found that Cp183-EEE capsids are more stable than Cp183-WT capsids. We also found that the EEE mutation affected the rate and distribution of rates for CTD proteolysis. We hypothesize that the difference in exposure can be attrib-uted to CTDs at the five-fold symmetry axes. This is supported by correlation of cryo-EM structures with trypsin digestion. We hypothesize that changes in capsid reactivity are mediated by interactions between CTD arginines and glutamates (or by extension phosphates).
Experimental Procedures
Capsid Preparation-Cp183 was expressed and purified as described previously by Porterfield et al. (17) . Briefly, the 183 amino acid HBV core protein was expressed in Escherichia coli using a pet11-based vector. The cells were lysed by sonication, and cell debris was removed by centrifugation for 1 h at 9000 ϫ g. Capsids were pelleted into a sucrose cushion at 200,000 ϫ g for 1 h and further purified by size exclusion chromatography using a 1-liter Sepharose CL-4B column equilibrated in 20 mM Tris, pH 7.5, 5% Sucrose, 1 mM EDTA, 2 mM DTT at 4°C. Capsids were concentrated by ammonium sulfate precipitation and further purified by size exclusion chromatography using a 1.5-liter Sephacryl S-300 column equilibrated in 20 mM Tris, pH 7.5, 5% sucrose, 1 mM EDTA, 2 mM DTT at 4°C. RNA-filled capsids were concentrated to 2-3 mg/ml and stored at Ϫ80°C.
To obtain empty Cp183-WT and EEE Tϭ4 capsids, RNAfilled capsids were disassembled by dialysis overnight into disassembly buffer (20 mM Tris-HCl, pH 7.5, 1.5 M guanidine HCl, 0.5 M LiCl, 10 mM DTT) at 4°C. The RNA was pelleted by centrifugation for 1 min at 14,000 ϫ g. Cp183 dimers were purified by size exclusion chromatography using a 250-ml Sephacryl S-300 column equilibrated in disassembly buffer and concentrated to 1-1.5 mg/ml. Cp183 dimers were reassembled by dialysis overnight into assembly buffer (20 mM Tris-HCl, pH 7.5, 450 mM NaCl, 10 mM DTT) at 4°C. Capsids were purified by size exclusion chromatography using a 250-ml Sephacryl S-300 column equilibrated in assembly buffer and concentrated to 1-1.5 mg/ml. 2 mg of capsids was loaded onto a 10 -40% continuous sucrose gradient in 50 mM HEPES, pH 7.5, 300 mM NaCl. The Tϭ4 band was extracted, and capsids were dialyzed into assembly buffer at 4°C and concentrated to 0.7 mg/ml.
Trypsin Preparation-Sequencing grade modified porcine trypsin (Promega) was dissolved in resuspension dilution buffer (0.1 mM HCl) to a final concentration of 3-4 M, aliquoted into 15-l aliquots, and stored at Ϫ80°C.
Turbidity Measurements-Purified Cp183-WT and Cp183-EEE Tϭ4 capsids were dialyzed into buffers containing 20 mM Tris, pH 7.5, 10 mM DTT with varying concentrations of NaCl (50 -450 mM) for 16 h at 4°C. After 16 h, the absorbance at 280 nm was recorded using a UV-visible spectrometer and a quartz cuvette with a path length of 1 cm.
Differential Scanning Fluorimetry (DSF)-Fluorescence thermal scans of Cp183-WT and EEE capsids were performed in citric acid-disodium hydrogen phosphate buffer containing 450 mM NaCl at pH 7, 5, and 4. Different pH buffers were prepared by adjusting the ratio of citrate (0. LC-MS-Trypsin digestion of Cp183-WT and EEE capsids was monitored using an Agilent 1290 UPLC coupled to a micro-TOF spectrometer (Bruker Daltonics). Reverse-phase chromatography relied on an Agilent PLRP-S 100 Å, 3-m column (50 ϫ 1.0 mm) with the following gradient: 1 min, 5% B; 1-12 min, 5-50% B; 12-12.5 min, 50 -95% B; 12.5-14 min, 95% B; 14 -14.5 min, 5% B. Solvent A consisted of 0.1% formic acid in water, and solvent B consisted of 0.1% formic acid in acetonitrile at a flow rate of 600 l/min. The buffers, column, and auto sampler compartment were maintained at 25°C. Electrospray conditions were: drying gas, 6.5 liter/min; drying temperature, 180°C; capillary exit, 150 V. For each reaction, a final ratio of 10 M capsid (measured as dimer concentration) and 0.12 M trypsin was used. Reactions were carried out in the autosampler for 1 h with 10 l of reaction mixture injected every 15 min. Data processing and deconvolution analysis were performed with the help of Bruker Data Analysis package version 4.0. The maximum entropy deconvolution algorithm was used to determine the capsid mass before and after digestion. The spectral range (900 m/z to 1700 m/z) was selected for deconvolution, which covers the majority of subunit charge envelope. The CTD contains a total of 16 arginines, 6 serines, and 1 threonine in 34 residues. The serines mutated to make the phosphorylation mimic Cp183-EEE are bolded and underlined. The amino acid sequence numbers are indicated above the sequence. Shown below the sequence is the predicted likelihood of trypsin cleavage for specific arginine residues calculated by the ExPASy peptide cutter software. Arginine residues that are surrounded by other arginine residues are cleaved with a likelihood of 31%.
Dynamic Light Scattering-Dynamic light scattering experiments were performed using a Zetasizer Nano-ZS from Malvern with a 3-mm quartz cuvette with a volume of 45 l. 0.12 M trypsin were added to 10 M Cp183-WT or EEE capsids (measured as dimer concentration), and size measurements were performed after 7.5, 15, 22.5, 30, 60, and 120 min at 23°C. For each time point, three independent experiments were performed, each based on 15 measurements with a duration of 10 s each.
Tris-Tricine SDS-PAGE-For analysis by Tris-Tricine SDS-PAGE, we used a 6 ϫ 6-cm acrylamide gel consisting of a 16% resolving gel (ϳ4 cm) overlaid with a 10% resolving and a 4% stacking gel (ϳ1 cm each). Gels were cast using a freshly prepared acrylamide solution containing 49.5% T and 3% C, based on the protocol described in Schägger et al. (19) . The gel was run in a Bio-Rad protean XL gel box with 100 mM Tris-HCl, pH 8.9, as anode buffer and 100 mM Tris-HCl, 100 mM Tricine, pH 8.25, as cathode buffer as described by Schägger et al. (19) . The gel was run for a total of 25 h at a constant voltage of 90 V overnight (ϳ14 h) and at 200 V for an additional 10 h during the next day.
For staining, the gel was placed in fixing solution (10% acetic acid, 50% methanol) overnight and incubated with fluorescent gel stain SYPRO Ruby for 3 h. The gel was washed for 30 min in 7% acetic acid and 10% methanol again and washed three times with water before imaging. Gels were imaged using Gel Doc TM XR station (Bio-Rad). Bands were quantified using the Image Lab TM software (Bio-Rad).
Curve Fitting-Curve fitting was performed using the curve fitting tool in OriginPro using a function describing two or three first order exponential decays with the format
For the Cp183-WT, the data were fit to a function with two exponential decays with values for A 1 and A 2 , which were held constant at 25 and 75%. A good fit was achieved with decay constants of k 1 ϭ 0.024 min Ϫ1 and k 2 ϭ 0.276 min Ϫ1 .
The fitted function for the WT data was
For the Cp183-EEE data, a similar function keeping A 1 and A 2 constant at 25 and 75% did not result in a good fit. We tried fitting the data to three exponential decay functions with A 1 ϭ 25%, A 2 ϭ 25%, and A 3 ϭ 50%. This function resulted in a good fit with almost identical values for k 2 and k 3 . Thus, we proceeded to fit the data to a function containing two exponential decays with: k 1 ϭ 0.0077 min Ϫ1 and k 2 ϭ 0.456 min Ϫ1 . The fitted function for the WT data were
Cryo-EM-To halt trypsin digestions, samples were treated with 0.2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF). Samples of undigested or digested Cp183-WT and EEE capsids were concentrated to 8 -10 mg/ml, and frozen-hydrated cryo-EM specimens were prepared as described previously (20) . Briefly, a drop containing 4 l of HBV sample solution was applied on a glow-discharged continuous carbon-coated grid or Quantifoil holey carbon grid. The grid was then plunged into liquid ethane using an FEI Vitrobot Mk III. The grid was transferred into a Gatan 626 cryo-holder and kept at the liquid nitrogen temperature (Ϫ177.8°C) for the subsequent processing. Cryo-EM micrographs were recorded under low-dose conditions (Ͻ 25 electrons/Å 2 ) using a Gatan UltraScan US4000 4k ϫ 4k CCD camera at a nominal magnification of 120,000ϫ on a JEOL JEM-3200FS electron microscopy operated at 300 kV. The image was acquired using the in-column energy filter with a slit width of 20 eV. The resulting pixel is 1.1 Å at the specimen.
Image Processing-The program e2boxer.py (21) was used to select 6706 particles from 95 cryo-EM micrographs for Cp183-EEE, 4797 particles from 100 cryo-EM micrographs for trypsindigested Cp183-EEE (15 min), 8856 particles from 280 cryo-EM micrographs for trypsin-digested Cp183-EEE (2 h), and 6420 particles from 99 cryo-EM micrographs for trypsin-digested Cp183-WT (15 min). The defocus level was estimated using CTFFIND3 (22) . The three-dimensional reconstruction process was computed using images that were corrected for phase reversals. The starting model for each data set was built de novo using the random model method of AUTO3DEM (23, 24) . The initial origins and orientations search for each particle was carried out iteratively using the parallel polar Fourier transformation (PPFT) algorithm and refined by the parallel origin and orientation refinement (PO2R) algorithm. The three-dimensional reconstructions were computed using parallel three-dimensional reconstruction (P3DR), imposing 532 icosahedral symmetry. To estimate the resolution of the three-dimensional reconstruction, at the final refinement step, the dataset was evenly divided to compute two three-dimensional reconstructions. The resolution was estimated using Fourier shell correlationbyassessingtheagreementbetweenthesetworeconstructions in the Fourier space at a coefficient value of 0.5. The estimated resolutions for Cp183-EEE, trypsin-digested Cp183-EEE (15 min), trypsin-digested Cp183-EEE (2 h), and trypsindigested Cp183-WT (15 min) were 8.4, 8.6, 8.1, and 8.4 Å, respectively. To build an electron density map for Cp149, the atomic coordinate for a full HBV capsid (Protein Data Bank (PDB) entry 1QGT) was downloaded from VIPERdb (25) . The density map was computed using e2pdb2mrc.py (21) and lowpass-filtered to 9 Å. The three-dimensional reconstructions were rendered and visualized using Robem (23) and UCSF Chimera (26) . The contour level for Cp183-EEE was chosen using a 100% mass of estimated particle volume. The contour level for the trypsin-digested HBV capsid was rendered at the contour where the atomic model of HBV (PDB entry 1QGT) was fully covered by the electron density map.
Results
Cp183-EEE Capsids Are More Stable than Cp183-WT Capsids-Capsid assembly and stability are highly dependent on ionic strength as shown by assembly experiments using the truncated version of the core protein Cp149 (27) . For the fulllength protein, Cp183, high ionic strength also plays an important role in shielding repulsive positive charges from arginine residues of the CTD (17).
To investigate the effects of CTD phosphorylation, we utilized a mutant core protein Cp183-EEE, bearing three serine to glutamate mutations (S155E, S162E, and S172E), mimicking phosphorylation. It is highly unlikely that glutamate mutations will be found during natural infections with HBV; however, glutamate mutations have been widely used to study constitutive phosphorylation of the core protein CTD (9, 17, 28, 29) .
We first assessed the stability of Cp183-EEE and Cp183-WT capsids as a function of ionic strength using purified in vitro assembled empty Tϭ4 particles. Transmission electron microscopy showed that Cp183-WT and Cp183-EEE capsids were uniform and morphologically indistinguishable under negative stain. To monitor capsid stability, we performed disassembly experiments based on the propensity of free Cp183 dimers to aggregate in buffers that do not contain denaturants such as urea or guanidine-HCl (17) . To modulate capsid stability, we dialyzed 10 M empty Cp183-WT and Cp183-EEE Tϭ4 capsids into buffers of decreasing ionic strength from 450 to 50 mM NaCl at 4°C for 16 h. We note that all capsid concentrations in this study are displayed in terms of concentration of dimer. Our result showed that Cp183-WT capsids started aggregating at an ionic strength of 250 mM ( Fig. 2A ). Cp183-EEE capsids, however, remained intact and soluble down to an ionic strength of about 100 mM NaCl, indicating that Cp183-EEE capsids are more stable when compared with Cp183-WT capsids under low ionic strength.
To confirm these results, we assessed the thermal stability of Cp183-WT and Cp183-EEE capsids using DSF. In DSF, dissociation of the subunits and unfolding of the protein can be correlated to an increase in fluorescence of a dye binding in hydrophobic pockets that become accessible during heating. The dissociation/unfolding of 1 M Cp183-WT and Cp183-EEE capsids in 450 mM NaCl were monitored at three different pHs.
Despite a small difference in the observed values, Cp183-EEE capsids consistently exhibited higher melting temperatures when compared with Cp183-WT capsids (Fig. 2B) . The melting temperatures were ϳ2°C higher for Cp183-EEE capsids than for Cp183-WT capsids at pH 7. Both capsids became progres-sively less stable at lower pH, presumably due to an increase in amino acid protonation.
CTDs Are More Readily Exposed in Cp183-WT than in Cp183-EEE Capsid-We hypothesized that the stability of Cp183-EEE capsids could be attributed to increased interactions of the CTDs inside the capsid particle (16) . This also suggests a difference in CTD exposure between Cp183-EEE and Cp183-WT capsids.
To investigate CTD dynamics, we assessed the exposure of the CTDs via limited proteolysis using trypsin. If exposed, the arginine-rich CTDs are predicted to be an excellent substrate for trypsin (Fig. 1) . The introduced glutamate residues Glu-155, Glu-162, and Glu-170 are in the P3 and P4Ј positions (3 residues N-terminal or 4 residues C-terminal) with respect to the nearest arginine peptide bond. These positions are not likely to have a significant impact on the intrinsic rate of cleavage given their distance from the peptide bond and the position where glutamate has been inserted (30 -32) . Conversely, with dimensions of ϳ43 ϫ 39 ϫ 30 Å, a trypsin molecule is unlikely to enter the capsid shell whose pores have diameters of 10 -27 Å (33). Thus, by conducting the experiments using an excess concentration of trypsin, the rate of CTD cleavage can directly be related to the rate of CTD exposure (30, 31) .
We incubated 10 M empty Cp183-EEE and Cp183-WT Tϭ4 capsids with 0.12 M trypsin for 2 h. Reactions were stopped by rapid heat denaturation, and the cleavage products were identified by LC-MS ( Fig. 3 ) (original LC-MS data in supplemental Fig. 1 ). In these experiments, we used capsids that had disulfide-linked dimers. Because each dimer subunit contains two CTDs, two cuts per dimer subunit were possible. This allowed us to test for cooperativity of cleavage ( Fig. 3) .
Most importantly, the overall pattern of cleavage could be clearly mapped. The masses for a full-length uncut dimer (1-183) and a dimer fragment that was cut symmetrically on both monomer subunits at position 157 (1-157**) could be assigned. The double asterisk indicates that both subunits are cleaved; a single asterisk indicates only one chain is cut. The data clearly showed the depletion of the full-length Cp183-WT and Cp183-EEE dimer and the accumulation of 1-157** over time (Fig. 3, A and B) . For Cp183-EEE, at later time points, a dimer subunit that was cut asymmetrically, having only one cleavage at position 150 (1-150*), became visible at low abundance (Fig. 3B) .
In Cp183-WT capsids, full-length intact dimers were absent within 30 min of digestion, whereas in Cp183-EEE capsids, some full-length dimers persisted for at least 60 min (Fig. 3) . This difference in digestion rate does not arise from Cp183-WT capsids falling apart, however. Dynamic light scattering experiments on Cp183-WT and Cp183-EEE Tϭ4 capsids showed that both capsid particles stayed intact with no measurable quantity of aggregate formed during a 2-h digestion with trypsin (Fig. 4) .
The observed proteolytic fragments were consistent with predictions based on preferred specificity of trypsin (Fig. 1) , and only cleavages with a high likelihood were detected by LC-MS analysis (Fig. 3) . To complement the LC-MS analysis, we quantitatively compared trypsin digestion of CTDs using reducing SDS-PAGE. We incubated 10 M purified Cp183-WT and NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47
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Cp183-EEE Tϭ4 capsids with 0.12 M trypsin and followed the reaction for 2 h. At the appropriate time, samples for SDS-PAGE were immediately heated to 80°C to stop trypsin digestion. To separate cleavage products that ranged from 18 to 21 kDa and only differed by 1-5 amino acids, we used Tris-Tricine SDS-PAGE (19) .
Cp183-WT and Cp183-EEE capsid cleavage products were similar but had distinctive kinetics (Fig. 5A) , consistent with LC-MS analysis. Cp183-WT capsids were digested faster than Cp183-EEE capsids, indicating that the CTDs of Cp183-WT capsids were more readily exposed (Fig. 5A ). Because the gel was run under reducing conditions, each band represents a monomer. Degradation of full-length Cp183 monomer was accompanied by the accumulation of smaller cleavage fragments.
Based on the migration on SDS-PAGE and results from LC-MS, putative C termini of the protein fragments were assigned to each gel band ( Fig. 5A ). However, only masses for the fulllength Cp183-monomer and the 157-amino acid-long fragment could be unambiguously assigned. The Cp157 monomer accumulated over time (Fig. 5A ). After incubation for 60 -120 min with trypsin, a smaller fragment of 150 amino acids became apparent.
There Are Two Populations of CTDs with Different Rates of Exposure-To quantify the differences in CTD exposure, we plotted the fluorescence intensities of the SYPRO Rubystained Cp183-monomer bands as a function of the incubation time with trypsin ( Fig. 5A ). A clear difference in the amount of Cp183 could be observed between Cp183-WT and Cp183-EEE (Fig. 5B) . To determine the rate of trypsin cleavage, we fit each data set to a function containing multiple first order decays. Hypothetically, each CTD belonging to a different quasi-equivalent monomer subunit could display a different rate of exposure. For example, in the case of a Tϭ4 capsid, a different rate of exposure could be observed for the 25% of CTDs corresponding to the A, B, C, or D subunits. We tried fitting the data to a function with the fewest number of decays. We found no indication that cleavage had no cooperativity extending across the capsid.
The best fit for Cp183-WT capsids was achieved by fitting the data to a function containing two first order exponential decays, dividing the CTDs into two populations (Fig. 5B ). For Cp183-WT capsids, 25% of CTDs had a slow half-life of 28.8 min, whereas 75% of CTDs were digested more quickly, having a half-life of 2.5 min.
We also tried fitting the data of Cp183-EEE capsids to a similar function with two first order exponential decays using preexponential coefficients of 25 and 75%. A reasonable fit could not be generated. We were able to fit the data to a function containing two equal populations of CTDs with different decay rates. For Cp183-EEE capsids, 50% of CTDs were cut with a slow half-life of 89.6 min and 50% with a fast half-life of 1.5 min (Fig. 5B ). We note that the 89.6-min half-life, although long when compared with the 120-min experiment, is constrained by the fast component and the 25% increment for the pre-exponential term. However, the slow component could in fact have two different, but long half-lives. Taken together, both capsids exhibited two populations of CTDs corresponding to a fast and a slow rate proteolytic cleavage. For Cp183-EEE, the slow component is larger and, on average, slower.
Cryo-EM Indicates That CTDs at Five-fold Symmetry Axes Are Partially Protected from Trypsin-To identify the sites of cleavage and assess the effects of trypsin cleavage on Cp183 capsids, we investigated trypsin-digested capsids by cryo-EM. Samples were examined at the 15-min time point where we expected the greatest difference between Cp183-WT and Cp183-EEE. Cp183-EEE capsids were also examined at 2 h when we expected that the fast component would be digested but much of the slow component would still be present. To stop capsid cleavage without disturbing structure by pH or temperature shift, we treated cleavage reactions (10 M purified Cp183-WT and Cp183-EEE Tϭ4 capsids with 0.12 M trypsin) with 0.2 mM AEBSF, an irreversible protease inhibitor. The efficacy of the inhibitor was confirmed by SDS-PAGE ( Fig. 6) Differences are clear when comparing central sections of control undigested Cp183-EEE Tϭ4 capsids with Cp183-WT and Cp183-EEE Tϭ4 capsids that were digested for 15 min and 2 h. Although CTDs are largely disordered, clear differences in the visible CTD density could be observed between each sample. Undigested Cp183-EEE exhibited strong CTD density, A, Tris-Tricine SDS-PAGE of trypsin-cleaved Cp183-WT and Cp183-EEE Tϭ4 capsids, stained with SYPROா Ruby fluorescent protein stain. Trypsin digestion of Cp183 capsids was initiated, and aliquots were taken after 1-120 min and rapidly heated to 80°C to stop digestion. An undigested capsid control (indicated by c) was loaded as a standard. Numbers on the right indicate putative cleavage products based on LC-MS results. B, SDS-PAGE results are plotted as percentage of Cp183-monomer versus time. The Cp183-WT data were fit to a function containing two first order decays: Equation 2 with a root mean square difference of 3.5%, showing that 25 and 75% of Cp183-WT CTDs were digested with a half-life of 28.8 min 2.5 min, respectively. The Cp183-EEE data were also fit to a function containing two first order decays: Equation 3 with a root mean square difference of 4.4%, showing that 50% of EEE C termini are digested with a half-life of 89.6 and 1.5 min, respectively. Each data point represents the average of two independent experiments, and the error bars correspond to the range observed. FIGURE 6. AEBSF inhibits trypsin digestion after 15 min. Shown is a Tris-Tricine SDS-PAGE of Cp183-EEE of Cp183-WT capsids digested for 15 min and 3 h with trypsin. After 15 min, either the sample was boiled (Ϫ) or 0.2 mM AEBSF was added (ϩ). The samples with added inhibitor were incubated for 3 h. Control samples had no AEBSF added prior to a 3-h incubation. All samples were analyzed by SDS-PAGE. Note that treatment with AEBSF essentially blocked trypsin cleavage. This allowed trypsin cleavage to be halted at specific time points so that samples could then be studied by cryo-EM. NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47 which was reduced by 2 h of digestion with trypsin. As predicted, after 15 min of trypsin digestion, Cp183-WT capsids had much lower CTD density than the Cp183-EEE capsids (black arrowheads point to the CTD density, Fig. 7A ). Also consistent with prediction, CTD density of Cp183-WT capsids after 15 min of digestion is very similar to Cp183-EEE capsids after 2 h. Despite the overall decrease in density, visible density remained at five-fold symmetry axes in cross-sections of digested Cp183-EEE and Cp183-WT capsids (white arrowheads, Fig. 7A ).
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Surface shaded views of these reconstructions emphasize the effects of trypsin digestion (Fig. 7b ). Cp183-EEE capsids that were digested for 15 min showed strong CTD density at the five-fold and reduced densities at the icosahedral two-fold (quasi-six-fold) symmetry axes. Cp183-WT capsids that were digested for 15 min show very little density at the quasi-six-fold, quasi-three-fold, and three-fold axes and slightly stronger density at the five-fold symmetry axes (Fig. 7B) . The CTDs underneath the five-fold symmetry axes form a petal-like conformation (black arrows Fig. 7B ) very similar to those observed in previous cryo-EM reconstructions of Cp183-EEE capsids (16) . Small differences in the petal-like conformations between the current and the previous reconstructions were noted due to differences in the experimental settings and the contour levels that used to render the structures. To prevent aggregation, capsids from the current reconstruction were assembled in higher ionic strength (450 mM NaCl) when compared with the previous reconstruction (250 mM NaCl) (16) . A ring of density around the stalactite cluster is likely caused by the CTD dynamics, which is more obvious at lower resolution. As in the central sections, the overall CTD density for 15-min digested Cp183-WT capsids was very similar to that of 2-h digested Cp183-EEE capsids. These results are in agreement with cleavage kinetics (Fig. 5B) . For Cp183-EEE capsids, we calculated that 45% of CTDs should remain after 15 min of digestion. After 2 h of digestion, we expect 20% of the Cp183-EEE CTDs to remain, very similar to the 19% of Cp183-WT seen at 15 min.
Discussion
Our results strongly suggest that HBV CTD phosphorylation can contribute to capsid stability and alter CTD accessibility. Results from turbidity and DSF experiments showed that Cp183-EEE capsids are more stable than Cp183-WT capsids (Fig. 2) Although cryo-EM studies show that the CTDs are on the capsid interior ( Fig. 7 ) (20), LC-MS and SDS-PAGE experiments of trypsin-treated capsids have shown that the majority of CTDs were exposed to the capsid exterior ( Figs. 3 and 5 ). Most CTDs were cleaved to residue 157, indicating that at least 8 residues of the CTD had greatly reduced accessibility to trypsin cleavage (Fig. 3) . Only after incubation with trypsin for 2 h did another cleavage site, at position 150, begin to appear. The very slow rate of cleavage to Cp150 may be due to rare extrusion of the C terminus or could be due to a slow breathing mode of the capsid, which had been observed in proteolysis experiments with the HBV assembly domain (30) .
Our results are in good agreement with previous studies of trypsin-cleaved DNA-filled and RNA-filled capsids that resulted in a cleavage fragment of about 16.5 kDa, suggesting cleavage of about 30 residues from the CTD (10). In these studies, mature DNA-filled capsids were uniformly cleaved at a point similar to what we observed in empty capsids; immature capsids remained partially protected from cleavage (10) . Together with the observation that only empty and mature capsids are enveloped for export, these data further support the hypothesis that empty and mature capsids share the same maturation signal (34) .
Based on LC-MS and SDS-PAGE analysis, we observed that, overall, CTDs in Cp183-WT capsids were digested more rapidly than those of Cp183-EEE capsids, indicating an increased CTD exposure in Cp183-WT capsids ( Figs. 3 and 5 ). These data indicated that there were two distinct populations of CTDs for both Cp183-EEE and Cp183-WT capsids (Fig. 5B) . One population exhibited a fast rate of exposure that was similar for both Cp183-EEE and Cp183-WT capsids (Fig. 5B) . The similarity of the two fast rates supports our assumption that the intrinsic cleavage of the Cp183-WT and Cp183-EEE CTDs are about the same so that differences in rate correlate with CTD exposure. Another population of CTDs exhibited slow exposure and was about three times slower for Cp183-EEE than for Cp183-WT capsids (Fig. 5B ). Furthermore, only 25% of CTDs in Cp183-WT capsids had slow cleavage kinetics when compared with 50% in Cp183-EEE capsids.
We hypothesize that the 25% of CTD with slow exposure belong to the quasi-equivalent A subunits that are located at the five-fold symmetry axes. Supporting this hypothesis are cryo-EM studies of trypsin-digested capsids showing that CTDs at the five-fold symmetry axes remained partially protected, whereas density corresponding to CTDs at the quasisix-fold and quasi-three-fold and three-fold symmetry axes disappeared (Fig. 7) . This hypothesis is also supported by previous cryo-EM studies that observed that the CTD-binding protein serine arginine protein kinase (SRPK) occupied only quasi-sixfold symmetry vertices in empty Cp183-WT capsids, indicating that the CTDs of the five-fold symmetry axes were not readily exposed (14) .
We hypothesize that the decreased CTD exposure of Cp183-EEE capsids is the result of electrostatic interactions between glutamate and arginine residues of the CTD inside the capsid particle. Increased electrostatic interactions at the five-fold symmetry axes also likely explain the 3-fold reduced cleavage/ exposure rate of CTDs in Cp183-EEE capsids. Cryo-EM structures of empty and RNA-filled Cp183-EEE capsids suggested that the five CTDs under the five-fold vertex twist into a bundle (16) . Arginine-glutamate salt bridges likely also contributed to the increased stability of Cp183-EEE particles.
The cryo-EM data presented here cannot explain why the remaining 25% of CTDs in Cp183-EEE capsids exhibited a slow rate of cleavage/exposure. It is possible that CTDs of subunits distant from the five-fold symmetry axes interact with CTDs of the A subunits and thus are also identified as density at the five-fold symmetry axis during cryo-EM analysis. However, it is not clear which quasi-equivalent subunit these CTDs would belong to. LC-MS data do not show the persistence of Cp183-Cp183 dimer, indicating that AB dimers were not specifically protected.
Based on our results, we can speculate that CTDs at different quasi-equivalent positions play distinct roles during the HBV life cycle. It has been hypothesized that the CTD acts as a nucleic acid chaperone, actively participating in reverse transcription of pregenomic RNA (9, 35) . Our cryo-EM reconstruction in combination with solution studies show that CTDs underneath the five-fold vertices are less often exposed. This might indicate that the A subunits play a special role in capsid stability. In turn, subunits more readily exposed could be important for interacting with host factors such as importins ␣ and ␤ and nucleoporin 153 (Nup153) that help to arrest capsid particles in the nuclear basket (15, 36) .
The region from 150 to 157 includes three high probability cleavage sites (Fig. 1) , which were largely protected from proteolysis. Residues 150 -153 have been suggested to be an important nuclear localization signal that acts co-dependently with another nuclear localization signal located at position 164 -167 (37) . Our studies suggest, however, that this region is rarely exposed to the capsid exterior. In comparison, two C-terminal nuclear export signals, at positions 157-159 and 172-175, which were found to be important players in cytoplasmic localization of expressed HBV core protein, are readily cleaved by trypsin, indicating that they are readily exposed (37) .
